Abstract-Knowledge of the scaling mechanism makes it possible to develop effective means to control scaling and improve the membrane performance, increasing the recovery. This paper presents new approaches to the study of the mechanism of scaling in the presence of polymeric inhibitors (antiscalants); the adsorption of antiscalant molecules on the crystal and membrane surfaces has been investigated. The relations of the antiscalant adsorption rates to the antiscalant dose and the calcium carbonate scaling rate have been revealed. For the first time, the inhibition process was "visualized" by using a fluorescent antiscalant containing a fluorescent moiety-a copolymer of N-allyl-4-methoxy-1,8-naphthalamide and acrylic acid (PAA-F1). The examination of the surfaces of crystals and membranes by scanning electron and fluorescence microscopy showed new unexpected results: the antiscalant is adsorbed on the membrane surface and on the surface of calcite crystals formed. Fluorescence turned out to be more intense and noticeable on the surface of crystal faces than inside the crystal. During the nucleation phase, the "dark" part of the crystal lattice is formed and then begins to be covered with a "luminous" layer of the fluorescent antiscalant, which blocks further crystal growth. During experiments with antiscalant solutions in distilled water, the antiscalant was found to be adsorbed on the membrane surface in the absence of calcium ions. In experiments in which the antiscalant was added into the original tap water, it was adsorbed on the surface of the resulting crystals, not on the membrane. The visualization of the crystal growth inhibition process opens up new possibilities for studying the mechanism of scaling and developing of new technologies to control scaling.
INTRODUCTION
A review of experimental studies on the problem of poorly soluble precipitates shows that this question is far from being resolved. The seriousness of the problem requires deep knowledge in the field of water treatment by reverse osmosis (RO) and understanding of the crystal growth laws, inhibition mechanisms, etc. A huge amount of work has been devoted to these issues, and most of the research is based on experimental laboratory studies [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . However, the experimental procedures and the conditions for conducting the experiments often do not correspond to the true process conditions in reverse osmosis plants, so there is still no definite answer to the questions of what are the crystal formation conditions, how the scale is built up, and what are eventually the reasons behind triggering the change in process parameters.
The concepts of the scaling mechanism advocated by most authors are based on the fact that there are "active centers" of crystal growth on the membranes; i.e., scaling is heterogeneous and occurs on the membrane surface [18] [19] [20] [21] . Therefore, the inhibition of scaling is due to the "suppression" by the antiscalant of the activity of these points on the membranes. Different interpretations of this concept are present in the viewpoints of most researchers. Discrepancies in the experimental methods and the choice of the criterion for assessing the quality of antiscalants are due to different ideas of the researchers about the conditions of the process.
The onset of intensive scaling buildup is preceded by a long induction period; i.e., the time during which the crystal growth rate in the presence of antiscalants greatly slows down, and after which the crystals continue to grow at a normal rate. In order to inhibit membrane scaling, it is necessary to ensure that the residence time of the solution in a device is no more than the duration of the induction period. This view is expressed in [4] [5] [6] [7] on the basis of the experimental works by Nancollas [1, 2] . Thus, the performance of antiscalants is evaluated by the duration of the induction period. However, by means of introducing seed crystals into a supersaturated solution [1] [2] [3] [4] [5] [6] [7] , it is impossible to correctly simulate the conditions for the nucleation of crystals during a reverse osmosis process, since this eliminates the nucleation phase. The slowing down of the crystal growth rate in the presence of an antiscalant in a closed volume of the supersaturated solution cannot therefore correspond to the scaling process and scale buildup in the channels of membrane units.
The experimental procedure must comply with the conditions of solution supersaturation in membrane devices. Accordingly, the mechanism of antiscalant action should be investigated in conditions under which calcium carbonate crystals nucleate, grow, and form a scale. Unfortunately, in most modern works, the conditions for testing new antiscaling agents do not correspond to the real conditions of their use. In experimental studies on testing the performance of antiscalants, the method of introducing seed crystals into a supersaturated solution held sway for a long time [1] [2] [3] [4] [5] [6] [7] . As was shown earlier [22] , the patterns of crystal growth and antiscalant sorption on the surface of crystals under conditions of low supersaturation do not correspond to the actual conditions for the nucleation of crystals and scale formation on the membrane surface. However, the studies by numerous adherents of this method [1] [2] [3] [4] [5] [6] [7] [8] made it possible to reveal the dependences of the crystal growth rates on the supersaturation of the solution and the laws of adsorption of antiscalants on crystal surfaces. However, in the ideas about the role of antiscalants in the operation of RO units, there are still clear misconceptions based on the findings obtained in experiments with the introduction of seed crystals. For example, the programs of all manufacturers of membrane units contain recommendations on the use of antiscalants. Antiscalant doses are prescribed depending on the hardness of the source water. However, as was shown in a number of studies by the authors [22] , the dose of an antiscalant has almost no effect on its performance in a certain range of hardness values. This is due to the fact that the nucleation of crystals occurs at high values of supersaturation in the "stagnant zones" of membrane devices, where supersaturation is achieved by increasing the concentrations of either ions contained in water or antiscalants or both.
Conclusions about the effect of dose on the efficiency of scaling inhibition were made as early as the 1970s on the basis of experiments with the introduction of seed crystals. Naturally, an increase in the antiscalant dose led to an increase in the amount of adsorbed antiscalant and a decrease in the rate of crystal growth. The same applies to the conclusions about the patterns of adsorption of antiscalants on seed crystals in experiments in a closed volume [22] [23] [24] [25] [26] [27] . A number of researchers are currently using the concept of induction period (the time of nucleation of crystals of a visible size in the presence of an antiscalant at high values of supersaturation) to evaluate the effectiveness of antiscalants [24] . However, another disadvantage of this approach is a wrong choice of the supersaturation value.
A number of works [22, 24] have been devoted to the study of stagnant zones and the conditions for scale formation in them. Based on the results of these studies, the following ideas about scaling were formulated:
-nucleation is homogeneous and occurs in "stagnant zones"; -crystals are carried over from the stagnant zones and are deposited on the surface of the membranes.
Recently, a unique opportunity has emerged to use in membrane technologies antiscalants with fluorescent moieties in their molecules [25, 26] . Even the first experiments on visualization of such an antiscalant in the process of gypsum crystallization from supersaturated solutions under static conditions showed that the modern theory of the action of an antiscalant is far from being perfect and needs to be refined [26] . It was interesting to use antiscalant visualization under dynamic, not static, conditions of membrane operation in a reverse osmosis unit.
The purpose of this work was to study the key features of the action of conventional and fluorescent antiscalants: their sorption on crystals and on the membrane surface, and effect of their adsorbability on the antiscaling properties.
EXPERIMENTAL

Chemicals
Two antiscalants were used in the study. One was the commercial phosphonic acid-based antiscalant Aminat-K manufactured by NPF Travers on an industrial scale, and the other was the polyacrylate-based antiscalant Ametek RO-2 developed by the Fine Chemicals R&D Center. Aminat-K is a composition of aminotris(methylenephosphonic acid) and iminobis(methylenephosphonic acid) [24, 27] .
In addition, two new polymeric fluorescent antiscalants [25] 
Equipment
To study the process of formation of crystalline precipitates of slightly water-soluble salts (calcium carbonate) in the experiments, commercially available spiral-wound filter elements (CSM RE1812-100 GPD) manufactured by CSM (Korea) with low-pressure BLN RO membranes were used. At the end of each experimental cycle, the membrane element was removed from the pressure housing, the membrane was cut into pieces and dried and the fragments were sent for examination by scanning electron microscopy (SEM, Hitachi TM-3030) and laser confocal microscopy (LSM-710-NLO laser scanning confocal microscope, Carl Zeiss Microscopy, Germany). In addition, the liquid phase (the antiscalant-containing concentrate from a laboratory RO unit) was also examined on the laser confocal microscope.
RO Unit Operation Procedure
The aim of the research was to study the sorption of the antiscalant on the surface of growing calcite crystals that constitute scale on membranes. The antiscalant sorption rates were studied depending on the crystal growth rates. In addition, we studied the possibility of adsorption of antiscalants on the membrane surface and the effect of the membrane surface on the sorption rate. To do this, along with measuring the rates of formation of calcium carbonate precipitate, we attempted to determine the rates of antiscalant sorption by growing scale crystals. A further study of the antiscalant sorption on the membrane surface and the surface of the crystals of the already formed scale can lead to a conclusion on the distribution of the antiscalant between the scale and the membrane surface. In addition, by the rate of antiscalant sorption on the scale surface, we can judge the effectiveness of the antiscalant. With the use of a fluorescent antiscalant, it is possible to easily and effectively monitor the antiscalant concentration in the solution. In addition, the fluorescent properties of the antiscalant make it possible to "visualize" the inhibition process-to observe the buildup of the antiscalant both on the membrane
surface and on the surfaces of the crystals. The program of experiments included three sets of experiments: Set 1. Determination of the rate of formation of calcium carbonate scale in the membrane unit using the antiscalant Aminat-K at different doses of 3, 5 and 7 mg/L. Set 2. Determination of the rate of formation of calcium carbonate scale in the membrane unit using the luminescent antiscalant PAA-F1 at doses of 3, 5 and 7 mg/L. Set 3. Determination of the rate of antiscalant sorption on the membrane without affecting the sorption by the scale.
The experiments were carried out on a laboratory test unit sketched in Fig. 1 . The unit was operated in the recycle mode. Feed water was placed in 5-L feed tank 1. From the feed tank, water was conveyed by pump 2 to membrane unit 3. The membrane module consisted of CSM RE1812-100 GPD spiral-wound membrane elements with membranes of the BLN model manufactured by CSM (Korea). The effective membrane area of an RE1812 element type was 0.5 square meters. The concentrate after the membrane unit was returned to tank 1, and the filtrate was discharged into the sewer system. The working pressure and concentrate flow rate were regulated with control valve 12 installed on the concentrate line. The working pressure was 7.0 + 0.2 bar. The volume of the circulating solution was controlled on a scale on tank 1. The circulating solution was sampled from tank 1, and filtrate samples were taken from the filtrate pipeline at the outlet of the unit.
The parameters determined in the samples were temperature, electrical conductivity, pH, total hardness, total alkalinity, and concentration of calcium ions. The conductivity, total salt content, and temperature were monitored using a WTW inoLab Cond 730 conductivity meter, and the pH value was measured using a Hanna Instruments HI 2215 laboratory pH meter. Total alkalinity was determined titrimetrically according to GOST 31957-2012, and total hardness and the concentration of calcium ions, by complexometric titration according to GOST 31954-2012 and RD (Regulatory Document) 52.24.403-2007, respectively. The concentration of magnesium ions was determined by the difference between the values of total hardness and the concentration of calcium ions. To remove the scale built up between individual sets of experiments, the membrane element was subjected to chemical washing with 2% citric acid solution. Tap water was used for preparing the washing solutions and flushing the membrane element to remove the residual washing solution. The flushing was carried out with working pump 2. Experiments of the first and second sets were performed using a single BLN 1812 membrane element. As shown earlier [22] , comparative tests to determine the scaling rates should be carried out on the same element, since membrane surfaces in different membrane devices may have a different number of "stagnant zones" and, accordingly, the deposition rates in different devices will differ despite their identical operating conditions.
The amount of the antiscalant Aminat-K in water was monitored by measuring the concentration of the ion The phosphate ion content was determined according to a standard procedure [28] . The concentration of the new fluorescent antiscalant in water was monitored by measuring the fluorescence intensity. Experiments of the first and second sets were carried out using tap water from the Moscow City water system. The volume of feed water in tank 1 was 5 L. The flow rate of the filtrate of the BLN 1812 spiral-wound element was 6-6.3 L/h, depending on temperature. The concentrate flow rate in all the experiments was 60 L/h. The total salt content of the Moscow tap water was 240-260 mg/L; the total hardness, 3.1-3.4 meq/L; total alkalinity, 2.5-2.9 meq/L; the concentration of calcium ions, 2.8-3.1 meq/L; chloride ion concentration, 28-30 meq/L; and the concentration of sulfate ions, 10-13 mg/L.
The amount of scale formed on the membranes during the experiment was calculated as the difference between the amount of calcium in tank 1 at the beginning of the experiment and the amount of calcium in the concentrate in tank 1 at a given point in time [22] . Figures 2a and 2b show the dependence of the calcium ion concentration and the amount of calcium carbonate formed, respectively, on the concentration ratio K. The values for the calcium carbonate formation rate were determined in accordance with the procedure developed earlier [22] , as the slope of the tangent to the curve of the dependence of the amount of scale formed on the duration of the experiment. The results 3 4 РО .
− of determining the rates of deposition of calcium carbonate are presented in Fig. 3b in the form of dependences of the deposition rate (meq of calcium carbonate per hour) on the concentration factor K (multiplicity of the reduction in volume of the concentrate in tank 1 or the ratio of the initial volume in tank 1 to the volume of water at a given time). The concentration factor K is related to recovery α (alpha) (ratio of the filtrate flow rate to the flow rate of the feed water) by the following expression: K = 1/(1 − α). The results of determining the calcium carbonate deposition rates are presented in Fig. 3b in the form of dependences of the deposition rate (meq of calcium carbonate per hour) on the concentration factor K (multiplicity of the reduction in volume of the concentrate in tank 1 or the ratio of the initial volume of water in tank 1 to the volume of water at a given time).
In the experiments of the first and second sets, simultaneously with the determination of calcium carbonate formation rates, the rates of antiscalant accumulation in the calcium carbonate scale were determined. The amount of the adsorbed antiscalant was determined according to the material balance by the difference between the amount of antiscalant in the feed water at the beginning of the experiment and the amount of antiscalant in the circulating solution at a given point in time. For each antiscalant concentration in the feed water (3, 5, and 7 mg/L) in each set, three experiments were carried out to determine whether the antiscalant buildup in the preceding experiments on the membrane surface and on the surfaces of already formed crystals on the membrane affects the growth rate of calcium carbonate scale. Figure 4 and 5 show the results of determination of the antiscalant sorption rates, which are then presented as functions of the calcium carbonate growth rate (Fig. 6 ) and the antiscalant dose (Fig. 7) . The third set of experiments was devoted to studying the adsorption of the antiscalant on the membrane. For this purpose, arrangements were made to excluded the effect of calcium carbonate scale on the behavior of the antiscalant in solution. The experiments were performed in recycle mode in the laboratory setup shown in Fig. 1 . In contrast to the experiments of the first and second sets, the filtrate and concentrate after the membrane device returned to tank 1 during the operation in the third set. As was shown in a number of studies [1, 22, 29] on the carbonate system, the formation of calcium carbonate occurs in a closed system even with a high value of solution supersaturation if there is no constant increase in the driving force of the crystallization process; i.e., no continuous increase in solution supersaturation or increase in the concentration of calcium ions or carbonate ions. Therefore, during the circulation of tap water in the experimental setup, there is practically no formation of calcium carbonate (even small precipitation of calcium carbonate causes a decrease in the carbonate ion content and an increase in the pH value, preventing further precipitation of crystals). Thus, when the unit is operating in the recycle mode, calcium carbonate does not precipitate from tap water and the antiscalant should be adsorbed on the membrane surface. Figure 8 shows the time dependence of the concentration of the luminescent antiscalant in circulating water and the results of determining the amounts of adsorbed antiscalant and sorption rates. Figure 9 presents the results of determining the initial rates of calcium carbonate formation from tap water and the dependence of the the membrane surface in the absence of calcium ions. After completion of the cycle with distilled water, it was decided to check how the calcium carbonate scale forms on the antiscalant-treated membrane. The results of one cycle of the experiments to determine the scale buildup rates in the treatment of tap water in the absence of an antiscalant are shown in Fig. 11 . The surface of the crystals and the membrane surface after the experiments were subjected to visual examination. For this purpose, the spiral-wound elements after the experiments of the 2nd and 3rd sets were disassembled and the cut-out membrane pieces were dried and studied using scanning microscopy. Figures 12-14 show scanning electron and fluorescence microscopy images of the surface of the membranes extracted from the housing of the elements after completion of the second and third sets of experiments. Moreover, prior to the beginning of the experiments, a blank test was performed on the membranes to obtain a crystalline scale on the membranes. After the blank test, the membrane was removed from the housing and samples of the dried membrane were used to compare the scale crystals obtained in the absence of an antiscalant and with the use of the antiscalants Aminat-K and PAA-F-1. Photomicrographs of the membrane surface after the blank experiment are shown in Fig. 12. 
RESULTS AND DISCUSSION
The first set of experiments was devoted to determining the growth rates of calcium carbonate scale in the presence of various doses of antiscalants. The scale growth rates were determined on the basis of mass balance according to the procedure described in [22] . The results of the experiments showed that the antiscalant dose almost does not affect both the deposition rate and its dependence on the volume reduction factor K (ratio of the feed water volume at the beginning of the experiment to the volume at a given moment of the experiment) during the experiments.
Figures 1a and 1b show the dependences of the calcium ion concentration and the amount of scale, respectively, on the value of K. As can be seen from Fig. 1 , the relationships plotted for different doses of antiscalants almost coincide, thereby confirming the previously obtained results and the conclusions that at doses of 2-10 mg/L, the antiscalant concentration has almost no effect on the inhibition efficiency for waters with a low value of hardness [22, 24] .
To determine the scale buildup rates, the values for the mass of accumulated calcium carbonate scale were plotted against the experimental time (Fig. 2a) . The scale formation rate is defined as the slope of the tangent to the curve of the time dependence of the scale mass (Fig. 2a) . Figure 2b illustrates the dependence of the scale buildup rates on K. As follows from the figure, the fluorescent additive is a weaker antiscalant than Aminat-K.
Simultaneously with the determination of the formation rates of calcium carbonate scale, the rates of antiscalant adsorption on the surfaces of crystals and membranes were determined using the mass balance method. Figure 3a shows the relations of the concentrations of antiscalants in the concentrate of the laboratory unit to the K value. Experiments with each antiscalant dose were carried out three times (3 cycles). This was done in order to determine whether the Fig. 6 . Dependence of the rate of antiscalant sorption on the scale formation rate using Aminat-K in doses of (1) 3, (2) 5, and (3) 7 intensity of adsorption of the antiscalant varies with its accumulation on the surfaces of the formed crystals over time. As can be seen from the graphs presented in Fig. 3b , the antiscalant sorption intensity does not change from cycle to cycle at any antiscalant dose. This invariability suggests that the antiscalant is consumed mainly for adsorption during the formation of new crystals, rather than adsorption on the membrane surface and the surface of already formed crystals.
The rates of antiscalant adsorption on the surface of forming crystals were determined as in the previous case (Fig. 2a) , by the values of the slope of the tangents to the time dependence curves for the antiscalant adsorbed (Fig. 4a) . The results of determining the sorption rates are presented as plots of the adsorption rate versus K (Fig. 4b) . As is seen from Fig. 4 , a weaker antiscalant (luminescent antiscalant PAA-F1) also has a lower rate of adsorption on the surface of crystals.
It was of interest to investigate the relationships obtained by examining the effect of the scale buildup rate on the sorption rate (Fig. 5 ) and the effect of the antiscalant dose on the sorption rate (Fig. 6) . As can be seen in Fig. 5 , the greater the antiscalant dose and the higher the scale buildup rate, the higher is the antiscalant adsorption rate. The data given in Fig. 5 are represented in Fig. 6 as plots of the adsorption rates versus the antiscalant dose at the same values of the calcium carbonate formation rate. The stronger and more effective the antiscalant, the higher the rate of its adsorption at the same dose and at the same intensity of scale formation. In Figs. 6 and 7 , the results of determining the antiscalant sorption rates are plotted as functions of the calcium carbonate formation rate and the antiscalant dose, respectively (Fig. 7) .
It also seemed necessary to study the intensity of antiscalant adsorption on the membrane surface during the operation of the membrane unit. To this end, the influence of the resulting crystals on the adsorption of the antiscalant and the decrease in its concentration in the concentrate during the experiment should be excluded. As was shown earlier [22] , if (Fig. 1 ) in the recycle mode; i.e., when the filtrate and concentrate are returned to the concentrate tank, the formation of calcium carbonate scale is not observed. This is due to the peculiarities of the behavior of the carbonate system, which causes an immediate decrease in the pH and concentration of carbonate ions in water at the onset of crystallization [22] . That is why the method used in this study for determining the formation rates of calcium carbonate scale requires continuous removal of filtrate from the unit and a constant increase in the concentrations of calcium ions and carbonate ions to increase the supersaturation of the solution, the driving force of the crystallization process. Figure 8 shows the time dependence of the antiscalant concentration during the operation of the unit in the recycle mode. As can be seen from the figure, after the reduction of antiscalant concentration within the first 10-15 min, the antiscalant concentration in the circulating solution remains constant, indicating that the adsorption process is over.
The dependence of the adsorption rate on the antiscalant concentration is shown in Fig. 8c . There are doubts that the sorption of the antiscalant occurs on the membrane. Most likely, the sorption of antiscalants occurred on the surfaces of the forming crystals and quickly terminated with the end of crystallization. Figure 9 shows the data on calcium ion concentrations during the experiments with tap water in the presence of antiscalants, the results of which are shown in Fig. 8 . As can be seen in Fig. 9a , the concentration of calcium ions decreases during the first 10-15 min of the experiment, after which it remains at the same level. Thus, there has been calcium carbonate formation in the apparatus, the initial rate of which can be determined as shown in Figs. 9a and 9b. Next, an attempt was made to determine the rate of antiscalant sorption on the membrane surface in the case when the antiscalant was dissolved in distilled water. For this purpose, the antiscalant PAA-F1 was dosed into distilled water (to have a concentration of 10 mg/L) and the experiment was conducted in the concentration mode in the laboratory setup (Fig. 1) . The volume of the solution was 5 L. The results of measurements of antiscalant concentrations and the determination of its sorption rates on the membrane surface are shown in Fig. 10 . As can be seen from Fig. 10 , the antiscalant did accumulate in the membrane apparatus during the course of the experiment. After completion of the experiments of the third set, it was decided to determine the rate of calcium carbonate formation from tap water during its treatment in the concentration mode in the laboratory setup (Fig. 1) . Figure 11 shows the results of the experiment (dependence of the concentration of calcium ions on K, Fig. 11a ) and the data on the buildup rates of calcium carbonate scale (Fig. 11b) . As can be seen from the figure, the dependence of the calcium carbonate formation rate on the K value (Fig. 11b) clearly corresponds to the scale buildup process in the presence of the antiscalant. This suggests that the antiscalant is washed out of the membrane scale by passing tap water through the membrane device treated with PAA-F1. In the process of carrying out this experiment, simultaneously with the determination of the calcium ion concentration values, the fluorescence intensity of the solution was measured, which made it possible to determine the presence of the fluorescent antiscalant PAA-F1 in the circulating tap water. Figure 11c shows the dependence of the concentration of the antiscalant (on a dry matter basis, in mg/L) on the value of K (curve 1). For comparison, the curve for dependence of the PAA-F1 concentration on K at a dose of 3 mg/L, taken from Fig. 4a , is given. The pattern of curve 1 shows that antiscalant dissolution occurs in the device. Figure 11d shows the dependence of the obtained values for the rate of antiscalant transfer to the solution on K (curve 1). Obtaining exact values for the dissolution rates of the antiscalant in contact with tap water is a rather complicated task: as the antiscalant passes into the solution, antiscalant molecules are adsorbed onto the surface of the resulting crystals (curve 2). Therefore, in order to determine the antiscalant dissolution rate, the values of the rates of antiscalant adsorption on the membrane surface should be added to the obtained values of the rate of antiscalant transfer to the solution (curve 1a). But, as it was shown above (Fig. 5b) , the higher the concentration of antiscalant in water, the higher the rate of its adsorption on the surface of the crystals. As can be seen from Fig. 11a , the antiscalant concentrations in the water circulating during the course of the experiment are significantly higher than the concentrations of the antiscalant in the experiments of the first and second sets (Fig. 5) . Therefore, as the concentration factor K increases in the course of the experiment, the concentration of the antiscalant increases and the sorption rate increases as well. To exemplify this conclusion, Fig. 11d shows curves 3 and 4 referring to the antiscalant sorption rates depending on K at antiscalant doses of 5 and 7 mg/L, respectively, and curves 1b and 1c constructed by summing the values of antiscalant accumulation rates in the circulating water and the antiscalant sorption rates at different doses. A more accurate determination of the rates of the antiscalant buildup and dissolution will be the subject matter of further studies. After completion of the second and third sets of experiments, the membrane was removed from the 300 µm 300 µm ×300 ×300 100 µm 100 µm ×1.0k ×1.0k apparatus, dried, and its fragments were examined by electron scanning microscopy and laser confocal microscopy. Figures 12-14 present SEM and fluorescence microscopy surface images of the samples of BLN membranes (CSM, Korea), extracted from the RE1812 elements used in the experiments. As can be seen from Fig. 12 , characteristic cubic calcite crystals are deposited on the membrane surface [30] [31] [32] [33] . There is no noticeable sorption of the antiscalant PAA-F1 on the membrane surface: the background of the image (membrane surface) remains dark, and the fluorophore concentrates on the surface of calcium carbonate crystals (Fig. 13) . It is noteworthy that the luminescence intensity of calcium carbonate crystals at the edges is significantly higher than in the center (Fig. 13) . This finding suggests that the nucleation of calcium carbonate does not involve the "participation" of antiscalants, with the "dark" calcium carbonate zone being formed. Next, the sorption layers of the antiscalant appear on the surface, inhibiting the crystal growth.
A completely different picture is observed in the experiments of the third set, in which the membrane was treated with a PAA-F1 solution (10 mg/L) in distilled water. After passing the antiscalant solution through the membrane device, the adsorbed antiscalant uniformly covers the membrane surface (Fig. 14a) . The subsequent passing of antiscalant-free tap water through the unit with the membrane pretreated with PAA-F1 leads to the formation of calcium carbonate crystals (Fig. 14b) . At the same time, no appreciable amounts of the fluorophore were detected on the surface of the calcite crystals. The fluorophore was mainly concentrated on the membrane. Accordingly, calcite crystals appear as dark objects against the intensely fluorescent background of the membrane. The measurement of the calcium carbonate formation rates in the membrane device (Fig. 11) has shown that the formation of calcium carbonate is blocked by the antiscalant, which is obviously passing into solution as the water flows through the device.
Thus, the visualization of the antiscalant opens up new opportunities for studying the mechanisms of membrane blockage and the action of antiscalants. As far as we know, this is the first report on the direct observation of the antiscalant behavior in the reverse osmosis system.
CONCLUSIONS
(1) The greater the antiscalant content in the solution, the higher is the rate of adsorption of the antiscalant on the surface of the crystals and the greater is its efficiency. At the same rate of scale formation, a weak antiscalant is adsorbed at a slower rate than a strong antiscalant at the same antiscalant dose. At the same rate of adsorption of various antiscaling agents, different rates of scale formation can be observed.
(2) The effectiveness of an antiscalant is influenced not only by its adsorption rate, but also by the nature of the material sorbed and its ability to block the sites of active growth of the scale.
(3) The rate of antiscalant absorption by crystals during their formation depends on the antiscalant dose: the greater the concentration of the antiscalant in the solution, the higher is the rate of its adsorption. (4) The antiscalant in water is bound to calcium ions and therefore does not react with membranes. In the case of the absence of calcium ions in water, the antiscalant can be adsorbed on the membrane surface.
(5) In the presence of an antiscalant, nucleation of calcite crystals occurs without the "participation" of the antiscalant. Next, adsorption layers of the antiscalant are formed on the surface of the crystals, blocking further crystal growth.
